Purpose To assess effects on fertilization rate, embryo quality, pregnancy, and live birth rates of vitrification and warming of oocytes that matured in vitro (vIVM) compared to fresh in vitro maturation (fIVM) cycles. Methods A retrospective cohort study conducted at a university hospital-affiliated IVF unit. Fifty-six cycles of vIVM cycles and 263 fIVM in women diagnosed with polycystic ovarian syndrome (PCOS) ovaries were included in the analysis. The study group included PCOS patients who failed ovulation induction with intrauterine insemination and were offered IVM cycle followed by oocyte vitrification and warming. The embryological aspects and clinical outcomes were compared to those of controls undergoing fresh IVM cycles during the same period. The main outcome measure was live birth rate. Results One thousand seventy oocytes were collected from 56 patients and underwent vitrification and warming. In the control group, 4781 oocytes were collected from 219 patients who had undergone a fresh IVM cycle. Oocyte maturation rates were similar between the groups (mean ± SD: 0.7 ± 0.2 vs. 0.6 ± 0.2, for vIVM and fIVM, respectively). Survival rate after warming was 59.8%. Fertilization and embryo cleavage rates per oocyte were significantly lower in the vIVM group. Clinical pregnancy (10.7 vs. 36.1%) and live birth rates (8.9 vs. 25.9%) per cycle were significantly lower in the vIVM group than those in the fIVM group (P = 0.005 and P < 0.001, respectively). Five healthy babies were born in the vIVM group. Conclusions The reproductive potential of vitrified IVM oocytes is impaired. This injury likely occurs through vitrification and warming.
Introduction
In the past, in vitro maturation (IVM) of oocytes was applied primarily for women with polycystic ovaries to prevent ovarian hyperstimulation syndrome (OHSS); IVM has also been suggested for women with poor response to ovarian stimulation [1] and for fertility preservation. IVM for fertility preservation allows rapid collection of oocytes when gonadotoxic treatment cannot be delayed and for prepubertal girls [2] [3] [4] . However, implantation and live birth rates of IVM cycles have not matched those of IVF, and more research is required to improve the clinical outcomes of IVM cycles.
Oocyte cryopreservation by vitrification for mature oocytes has been successfully implemented [5] . Vitrification is based on an ultra-rapid cooling technique with a glass-like solidification of the cell, almost eliminating the creation of cellular ice crystals and thus reducing damage to the oocyte during freezing and warming [6] . However, available data on the outcomes of IVM oocytes undergoing cryopreservation by vitrification and warming is limited [7] . During IVM, the immature oocyte is exposed to multiple mechanisms of damage thermal, mechanical, and chemical that can eventually cause nuclear and cytoplasmic incoordination and damage [8] [9] [10] [11] .
Cryopreservation has the potential to further injure the oocytes by causing cytoskeletal damage through the disruption of the actin and the microtubule networks. Spindle formation abnormalities and damage to the plasma membrane and mitochondrial function have also been reported [12, 13] . Minimal data are available on the reproductive potential of cryopreserved and thawed IVM oocytes. In a pilot study, a live birth rate of 20% was reported after vitrification and warming of IVM oocytes. Nevertheless, vitrified in vitro maturation (vIVM) oocytes have lower survival rates after warming and lower fertilization rates and embryo scores than vitrified in vivo matured oocytes [14] .
Efficient vitrification of oocytes that matured in vitro for fertility preservation in polycystic ovary syndrome (PCOS) patients can serve as an alternative to ovarian stimulation with gonadotropins, while minimizing the risk of ovarian hyperstimulation syndrome and exposure to high levels of hormones. PCOS patients have many small follicles allowing the collection of more immature oocytes making them good candidates to study the efficacy of vitrification in IVM oocytes. While taking into consideration the limitations, these results could be applied to cancer patients undergoing IVM for fertility preservation.
It is unknown whether the lower reproductive potential of vIVM oocytes is the result of the in vitro maturation process or oocyte damage accumulated during vitrification and warming. The aim of this study was to assess the cycle outcomes of vIVM oocytes in comparison to those of fresh IVM (fIVM) oocytes.
Materials and methods

Patient population
This is a retrospective cohort study conducted at a university hospital reproductive center. We retrospectively analyzed data collected in a clinical trial that was conducted in our center comparing the results of vitrified IVM oocytes to those of in vivo matured oocytes in IVF [14] . The original cohort was extended to include IVM cycles between 2005 and 2010. The study group included women diagnosed with ovulatory dysfunction as a result of PCOS, diagnosed according to the Rotterdam criteria [15] . All participants had normal serum thyroid-stimulating hormone (TSH) and prolactin, according to the assay used. Serum AM fasting 17-hydroxyprogesterone <2 ng/dl, total testosterone, and DHEAS were not in the tumor range. All women had menstrual disturbance, with cycles less frequent than 35 days and serum progesterone levels that ruled out ovulation 7 days before an anticipated menses, based on cycle history. All participants failed to conceive with ovulation induction and intrauterine insemination. These women were offered an IVM cycle followed by oocyte vitrification. The results of vitrified IVM cycles were compared to those of patients undergoing fresh IVM cycles for PCOS, as described above, during the same period.
The study was approved by the institutional review board of McGill University Health Center (IRB:13-409-SDR).
Patients with severe stage III or IV endometriosis, large multifibroid uterus, hydrosalpinx, or severe male factor infertility were excluded from this study, as were women of advanced reproductive age (above 40 years of age).
Immature oocyte retrieval and in vitro maturation of immature oocytes Immature oocyte retrieval was performed according to the McGill reproductive center's standard protocol: A baseline transvaginal ultrasound was done on days 2 to 4 of menstrual bleeding to ensure that no adnexal finding was present and that the endometrial lining was thin. Patients were scanned again on day 8 of the cycle and every 2 days thereafter. Subcutaneous injection of 10,000 IU of hCG was given when the largest follicle measured 10-12 mm and the endometrial lining reached 6-8 mm in thickness. Oocyte retrieval was performed 36 h later. Oocytes were retrieved transvaginally with a 19-gauge single-lumen needle (K-OPS-7035-RWH-ET; Cook, Australia), using aspiration pressure of 85 mmHg.
Two senior embryologists who have more than 10 years of experience in human IVM and more than 5 years of experience in oocyte vitrification handled the oocytes in this study. Oocyte maturity was assessed as previously described [16] . Mature metaphase II (MII) oocytes were vitrified immediately. Immature (GV [germinal vesicle] and GVBD) oocytes were matured in an organ tissue culture dish (60 × 15 mm; Falcon) containing IVM medium (Cooper Surgical, Trumbull, CT) supplemented with a final concentration of 75 mIU/ml of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) at 37°C in 6% CO 2 , 5% O 2 , and 89% N 2 . In vitro oocyte maturation was assessed 24 h later after the cumulus cells were denuded, using a fine-drawn glass pipette after 1-min exposure to 0.1% hyaluronidase (Cook, Australia). In vitro matured MII oocytes were vitrified and the remaining immature oocytes were further cultured for another 24 h (total incubation time was 48 h). Any additional MII oocyte that matured was vitrified. To note, only mature metaphase II oocytes were vitrified (vIVM oocytes); immature oocytes at the GV and MI stage after 48 h were not vitrified and were discarded.
Vitrification and warming of oocytes
In the vIVM group, MII oocytes were suspended in equilibration medium (MediCult, Denmark) containing 7.5% (v/v) ethylene glycol + 7.5% (v/v) 1,2-proanediol (PROH) for 5 min at room temperature, and then transferred to vitrification medium (MediCult, Denmark) containing 15% (v/v) ethylene glycol + 15% (v/v) PROH + 0.5 M sucrose at room temperature for 45-60 s. The oocytes were then loaded on a McGill Cryoleaf vitrification device (MediCult, Denmark) and plunged into liquid nitrogen for storage.
Vitrified oocytes were warmed in the subsequent menstrual cycle. The vitrification device was inserted into a warming medium (MediCult, Denmark) containing 1.00 M sucrose for 1 min at 37°C. The oocytes were then transferred to a diluent medium-I (MediCult, Denmark) containing 0.5 M sucrose followed by a diluent medium-II (MediCult, Denmark) containing 0.25 M sucrose for 3 min each. Oocytes were washed twice for 3 min each time in a washing medium (MediCult, Denmark).
Oocyte fertilization and embryo culture
Oocyte survival after warming was assessed microscopically based on the morphology of the oocyte membrane integrity; degenerated oocytes were removed from the cohort. All mature viable oocytes in the vIVM and fIVM underwent intracytoplasmic sperm injection (ICSI) 2 h after warming. Fertilization was assessed 17-19 h after ICSI for the appearance of two pronuclei (2PN). The zygotes were cultured in an embryo maintenance medium (CooperSurgical) until day 3. Supernumerary good-quality embryos were cryopreserved.
Embryo transfer
Cleavage embryos were defined as of good quality (grade 1 or 2) if they had four cells on day 2 and/or seven or eight cells on day 3, contained < 20% fragmentation, and exhibited no apparent morphological abnormalities. Poor-quality embryos included fair-quality (grade 3) embryos, which had only two cells on day 2, three to five cells on day 3, and/or 20-50% fragmentation and grade 4 embryos with < 3 cells by day 3 and > 50% fragmentation.
Endometrial priming for vIVM cycles consisted of 6 mg daily of estradiol (Estrace, Roberts Pharmaceutical, Canada) starting on day 2 of the menstrual cycle for 10 days. When endometrial thickness reached 8 mm, 200 mg of vaginal progesterone (Prometrium, Schering Inc., Canada) was administered three times a day. Women undergoing fIVM cycle received 6 mg of E2 (Estrace; Roberts Pharmaceutical, Canada) starting on the day of oocyte retrieval and 200 mg of vaginal progesterone (Prometrium, Schering Inc., Canada) three times a day starting on the day of ICSI. Embryos were transferred on day 3 under ultrasound guidance. As implantation rates are lower after IVM [17] , more embryos were transferred as per the clinic policy. It should be noted that, in spite of transferring more embryos in IVM cycles, multiple pregnancy rates are much lower compared to IVF cycles [18] . Pregnant women continued this luteal support until the 12th week of pregnancy.
Outcome measures
We compared the results of vIVM cycles to those of fIVM cycles. The primary outcome was a live birth rate per cycle start. Live birth was defined as delivery of a live baby > 24 weeks of pregnancy. A clinical pregnancy was defined by ultrasound visualization of intrauterine gestational sac with fetal heartbeat.
Statistical analysis
A Shapiro-Wilk W test was applied to assess the normality of distribution, a parametric test was used for normally distributed data, and a non-parametric test (Wilcoxon test) for skewed data while categorical variables were compared by chi square test or Fisher's exact test, as appropriate. Moreover, in order to examine which parameters are independently associated with live births, vitrification of IVM oocytes and variables that were found to be significantly different between the groups were included in a stepwise logistic regression model. Descriptive statistics are given as median (interquartile range, IQR) for skewed data or mean (± standard deviation, SD) for normally distributed data. A P value < 0.05 was considered significant. All statistical analysis was performed using JMP 13 for Macintosh.
Results
Three hundred nineteen cycles of IVM were included in the final analysis. Cycle outcomes of 1070 oocytes collected from 56 women who underwent a single-IVM cycle followed by oocyte vitrification of mature oocytes (vIVM) were compared to 4781 oocytes collected from 219 women undergoing 263 fIVM cycles. Fifty-six and 24 women underwent two and three IVM cycles, respectively. Patients in the vIVM group were younger and had a higher antral follicle count (AFC). Patient demographic parameters and baseline hormonal tests are presented in Table 1 .
In the vIVM group, a total of 68 MII and 1002 GVoocytes were retrieved; 645 oocytes (64.4%) matured to MII oocytes within 48 h in the IVM culture. All the MII oocytes were In five vIVM cycles, no embryos were available to transfer (total fertilization failure in 2 cases and no survival of post warming in 3 women). In 28 fIVM cycles, good-quality embryos were cryopreserved, while no good-quality embryos were available for freezing in the vIVM group. Women in the fIVM group had an average endometrial thickness of 8.4 ± 1.9 (mean ± SD), while women in the vIVM received daily estradiol until a minimum endometrial thickness of 8 mm was reached. Pregnancy and live birth rates were significantly lower in the vIVM group. Five healthy singleton babies were born in the vIVM group, and 80 babies including 18 twins and 1 triplet were born following fIVM cycle. The miscarriage rate was 16% (1/ 6) and 28.4% (27/95) for vitrified and fresh IVM cycles, respectively (P = 1.0). The results of cycle outcomes calculated per oocyte collected are presented in Table 3 .
In our IVF lab, mature oocytes collected in IVM cycle are co-cultured with immature ones undergoing IVM. Concerning the effect of vitrification and warning specifically on oocytes that were collected as immature ones and undergone IVM, a subgroup analysis of clinical pregnancy and live birth rated for cycles with only immature oocytes collected and for those with at least one MII oocyte collected was conducted. Significantly lower clinical pregnancy was found with vIVM compared to fIVM, irrespective of whether MII oocytes were retrieved during ovum pickup ( Table 4 ). The differences in live birth rates, although in line with the results of all cycles pooled together, did not reach statistical significance, due to a smaller sample size.
The association between live birth and vitrification, age, number of in vitro matured oocytes, AFC, and number of embryo transferred was analyzed using a stepwise logistic regression analysis. Vitrification of IVM oocytes was associated with a lower likelihood of a live birth (adjusted odds ratio, 0.3; 95% confidence interval, 0.1 to 0.7).
Discussion
Oocyte maturation is a complex event involving both nuclear and cytoplasmic functions. It is unknown to what extent the addition of freezing and thawing may further impair the efficacy of IVM. This study assessed the effect of cryopreservation, per se, on in vitro matured oocytes by comparing cycle Previous studies have shown that pregnancy and live birth rates after vitrification of IVM oocytes are lower compared to vitrified oocytes collected from IVF cycles. Although the differences were not statistically significant, it was underpowered, containing only 20 patients in the vitrified IVM group [14] . Our data are inconsistent with a previous study that explored the effect of vitrification on IVM oocytes. Cao et al. [19] found a post-thaw survival rate of 86%, which is higher than the survival rate in our study. However, the fertilization rate and the number of embryos reaching cleavage stage were both lower in their study. Pregnancy and live birth were not reported; smaller sample size, different patient selection, and IVM technique could explain these differences. In their study, oocytes were collected only from patients who had more than 20 retrieved immature oocytes, and IVM cycles were primed with clomiphene citrate and human menopausal gonadotropins.
Other studies have explored the results of different cryopreservation methods after IVM of immature oocytes collected from an IVF cycle. These studies found post-thaw survival rates of 87% with vitrification and 70% with slow freezing; fertilization and embryo cleavage rates were 52 and 27%, respectively [20, 21] . The outcomes of the fIVM group in the present study are in accordance with those of previous reports [17] . A high miscarriage rate in PCOS patients undergoing IVM has also been reported by others [22] .
In the present study, the differences in cycle outcomes between the groups could not be explained by patient baseline characteristics. Differences in lower ovarian reserve and oocyte quality can be excluded, as women in the vIVM group were younger and had higher antral follicle counts than the women undergoing fIVM. Body mass indices and day 3 FSH and LH were comparable between the groups. Poor pregnancy outcome of vIVM cycles cannot be explained by differences in endometrial thickness, since women undergoing vIVM cycles received daily titrated doses of estradiol until a minimal endometrium thickness of 8 mm was reached. Nevertheless, the median number of good-quality embryos available for transfer was higher in the fIVM group, which could explain the higher clinical pregnancy and live birth rates in this group.
Mature oocytes collected during ovum pickup can be affected differently by cryoinjury than oocytes that have matured in vitro. In a subgroup analysis of 134 cycles with only immature oocytes collected, we found significantly lower clinical pregnancy rate in vIVM oocytes. The differences in live birth rates did not reach statistical significance but were in line with the results of all cycles analyzed together; lesser statistical power due to a smaller sample size could explain this result. Clinical pregnancy and live birth rates were comparable to cycles with at least one MII oocyte retrieved. Therefore, differences in pregnancy outcome between vIVM and fIVM cycles cannot be explained by differences in the number of mature oocytes at the time of collection.
Autologous mature oocyte vitrification in women undergoing IVF cycles is highly effective, with an 85% survival rate and an ongoing pregnancy rate of 31% per transfer [5] . Recently, a survival rate of 86% and a live birth rate of 44% per transfer were reported in cancer patients undergoing fertility preservation [23] . The results of our study and those of Cao et al. show that vIVM oocytes that were cryopreserved at the MII stage perform poorly. Can vitrification of GV oocytes overcome these difficulties and improve the success rate? It has been hypothesized that GV-stage oocyte could be more resistant to freezing and thawing injury due to its microstructure [24] . However, current evidence shows that better results are achieved by vitrification of mature oocytes retrieved during an IVM cycle [19] . These results were further supported by studies on oocytes that failed to mature in IVF cycles [20] . Lower embryo implantation is a major concern in fresh IVM cycles, and the lower success rates compared to IVF were attributed to altered endometrial receptivity. Theoretically, endometrial receptivity should be corrected by vIVM cycles followed by frozen embryo transfer, but embryo transfer was attempted in this study only when a minimal thickness of 8 mm was reached. Nevertheless, our results show that cryoinjury is probably the main cause for immature oocyte damage. Frozen oocytes are exposed to several mechanisms of cryoinjury, including meiotic spindle damage [25] , disruption and hardening of the zona pellucida [26] , and damage to the cortical granules [27] . It is possible that cryopreservation and warming injury is even more detrimental to oocytes which underwent IVM, as is suggested by the lower survival rate found in this study. Immature oocytes that complete the IVM process followed by freezing and thawing are exposed to numerous mechanisms of damage both during IVM and vitrification, including a higher rate of meiotic spindle abnormalities and excessive DNA fragments than in fresh in vivo matured oocytes [28] . Mitochondrial dysfunction in vitrified in vitro matured oocytes was also reported [13] .
It is paramount that women undergoing fertility preservation are counseled on different fertility preservation techniques and success rates. Few live births have been reported after using vitrified/warmed IVM embryos produced from immature oocytes retrieved from extracorporeal ovarian tissue [29, 30] . However, the availability of thawed vIVM oocytes for clinical research is very limited, and no studies explored the reproductive potential and success rates of oocytes that matured in vitro and were vitrified for fertility preservation. This study was conducted on women with PCOS. Theoretically, poor results of oocyte vitrification could be the result of pathologic mechanisms that are specific to women with PCOS. Moreover, IVM techniques differ across clinics [31] , which might affect the results of vIVM cycles. Further research using different IVM protocols is required to search for any IVM technique-specific effects on the results of vitrification. These results should be interpreted with caution in women undergoing fertility preservation for cancer. Another limitation of this study is its retrospective design.
IVM of immature oocytes combined with vitrification is an option for women who cannot pursue IVF oocyte vitrification for their fertility preservation. However, the results of this study raise a concern about the lower reproductive potential of oocytes vitrified after IVM. Alternative fertility preservation techniques should be considered, and patients should be fully informed as to the prognosis. Further advances in IVM and cryopreservation technology are required to improve its effectiveness for fertility preservation for medical reasons.
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